The mechanism of energy balance in an open-channel flow with submerged vegetation was investigated. The energy borrowed from the local flow, energy spending caused by vegetation drag and flow resistance, and energy transition along the water depth were calculated on the basis of the computational results of velocity and Reynolds stress. Further analysis showed that the energy spending in a cross-section was a maximum around the top of the vegetation, and its value decreased progressively until reaching zero at the flume bed or water surface. The energy borrowed from the local flow in the vegetated region could not provide for spending; therefore, surplus borrowed energy in the non-vegetated region was transmitted to the vegetated region. In addition, the total energy transition in the cross-section was zero; therefore, the total energy borrowed from the flow balanced the energy loss in the whole cross-section. At the same time, we found that there were three effects of vegetation on the flow: turbulence restriction due to vegetation, turbulence source due to vegetation and energy transference due to vegetation, where the second effect was the strongest one.
Introduction
Vegetation in a channel may result in a higher water level during flooding. In addition, it is beneficial to the river ecosystem because it provides a proper habitat for aquatic animals. Therefore, the turbulent structure of vegetated flow has always been of interest to hydraulicians. Some researchers have regarded aquatic vegetation as parts of roughness in the riverbed and studied the vegetative resistance acting on the flow [4, 6, 9] , but they usually did not describe how the vegetation influenced the flow in detail. In recent years, more researchers have been interested in the vertical distributions of the stream-wise velocity [7, 10] and Reynolds stress [2, 5, 14] . Ghisalberti and Nepf [3] further studied the coherent structure of flow resulting from submerged vegetation and pointed out [8] that the vertical exchanges of mass, momentum and energy were dominated by two scales of vortices: the shear-scale vortices generated and stem-scale vortices (Fig. 1) . However, the mechanism of energy exchange in a flow with vegetation has not been studied yet. We attempt to investigate this mechanism in the present paper.
Bakhmeteff and Allan [1] studied the vertical distribution of energy and presented the process of energy loss and transition in an openchannel flow. They gave the expressions of energy borrowing, energy spending and energy transition, and built a balance relationship between the expressions. They pointed out that (1) at any point in the flow, the energy supplied by local flow is always equal to the sum of local energy loss and transition, (2) the energy dissipates mostly in the region near the flume bed, and thus this region needs excess energy transferred from other regions, and (3) in the whole cross-section, the total energy transition is zero and thus the total energy borrowed from the flow is equal to the total energy spending. On the basis of their research, the present paper analyzes how the energy supplied by the flow distributes, transports and dissipates in the flow with submerged vegetation, and tries to build a balance relationship among the energy borrowing, energy spending and energy transition. Three effects of vegetation acting on the flow are then discussed-the restriction on flow, turbulence due to vegetation, and energy transference.
Background
A two-dimensional steady uniform flow with submerged vegetation in a straight open channel is considered in this paper. In a control volume (CV) of V = dx × 1 × dz in the flow, the spatially averaged xequation (Fig. 1) is [7, 13] 
where z is the vertical coordinate and τ(z) = τ xz (z) + τ′(z) is the shear stress, which consists of Reynolds stress τ xz (z) and viscosity stress τ′(z). Although the latter is usually neglected [8, 11] , this paper considers it when calculating the shear stress. γ is the specific weight of water and S is the energy slope, which is equal to the bed slope in the case of uniform flow. f cd (z) is the general drag force due to vegetation, and is defined as
where C d is the drag coefficient, u is the stream-wise velocity, H is the water depth, and h is the plant height. This study will not strictly distinguish flexible and rigid vegetation and generally uses h to represent the height of rigid vegetation or the average height of flexible vegetation. a is the vegetation density, which is defined by a=b/(LxLy), where b is the front width of a single plant and Lx and Ly are the spaces between plants along longitudinal and transverse directions [8, 12] . Shimizu and Tsujimoto [11] used rigid cylinders with equal height and diameter in a square pattern to simulate vegetation, and gave results for the velocity and Reynolds stress of four runs. The present paper uses the computational results of Run A71 in [11] to discuss the energy balance in the open-channel flow with submerged vegetation. The parameters of Run A71 were H = 8.95 cm, h = 4.6 cm, S = 8.86‰, b = 0.15 cm, a length of the square space between plants of 2.0 cm, a = 0.0375 cm − 1 , a depth-averaged velocity U = 33.05 cm/s, and a drag coefficient C d = 1.0-1.5. As [11] neglected the viscosity stress and did not give the value of water viscosity, the present paper arbitrarily assumes the kinematic viscosity of flow is 1.0 × 10 − 2 cm 2 /s (i.e., the temperature is 20°C).
Mechanism of energy loss and transition

Energy borrowed from local flow
We define h f = E 1 − E 2 as the head loss between two random sections 1 and 2 in a uniform flow and Δl as the distance between the two sections, where E 1 is the total head at section 1 while E 2 is the one at section 2. Therefore, the energy slope of the flow S = h f /Δl =(E 1 -E 2 )/Δl represents the energy borrowing per unit weight liquid in the unit flow path, and γS is the energy borrowing per unit volume liquid in the unit flow path. The energy borrowing per unit volume of local flow during a unit time interval is defined as the product of γS and local velocity u:
From the controls of Eqs. (1) and (3), the energy borrowed from the local flow is
Energy spending
The energy spending in the vegetated flow can be divided into the spending to overcome flow resistance and the spending to overcome the vegetation drag. Bakhmeteff and Allan [1] gave the former as
The drag force of vegetation in the volume is defined as
where A is the front area of vegetation in the volume and equal to the product of the plant number in the volume n, front width of a single plant b and height of volume dz. During a time period dt, the flow passes through the vegetation with a route distance of udt, so the work done by the drag force in a unit volume during a unit time interval is defined as
where A/V = a is the vegetation density [7] . From Eqs. (5) and (7), the energy spending is
Energy transition
According to [1] , (τdx × 1) × u is the work done on the lower surface of a CV during a unit time interval or the energy transferred downward from the CV, and (τ + dτ) × dx × 1 × (u + du) is that on the upper surface or the energy transferred downward to the CV; therefore, the total energy transition downward from the CV is
Neglecting quantities of high order of smallness dτdudx and dividing Eq. (9) by the volume dx × 1 × dz gives
Eq. (10) is the energy transition in a unit volume during a unit time interval and has the same form in flow with or without vegetation.
Discussion
Using the computational results of A71 [11] , the energy supplied by the local flow, the energy loss and energy transition are plotted in Fig. 2 . All the results are scaled with the averaged cross-sectional energy borrowing W 0 = γSU, where U is the depth-averaged velocity. Fig. 2 indicates that the rule of energy spending and transition in the nonvegetated region is similar to that for an ordinary open-channel flow. The energy borrowed from local flow is always greater than the local energy spending; therefore, surplus energy borrowing will accumulate [8] . Notice that in this figure, the shear stresses τ +dτ and τ are surface forces, and both γS and f cd are body forces per unit volume [10] . dτ/dy in the control equation is also a body force per unit volume and is given by ((τ +dτ) -τ) × dx × 1/(dxdz ×1).
in the non-vegetated region and then be transferred to the vegetated region.
The energy distribution in the vegetated region behaves differently from that in the non-vegetated region:
(1) Because the vegetation results in an additional energy spending, the energy spending is discontinuous and jumps to a maximum at the top of vegetation. Furthermore, the energy spending decreases downward with decreasing velocity. The absolute values of energy spending and transition are greater in the upper vegetated region, which indicates that the vertical exchange of mass and momentum in the region is more intense. This conclusion was also stated by [8] . (2) The value of energy transition is negative and the energy spending is always greater than the energy borrowing. Therefore, surplus energy is transited from the non-vegetated region to cover the requirement for spending in the vegetated region. (3) In the near-bed region, the viscosity stress is the main shear stress and leads to an increase in energy spending; however, the value is much smaller than the energy loss at the top of the vegetation.
Energy balance
Using the results of Section 3, this section analyzes the energy balance at a point and in a cross-section, and then discusses the effects of vegetation on flow.
Energy balance at a point
Considering Eqs. (4) and (8), Eq. (10) is rewritten as
which is:
The energy balance in Eq. (12) has the same form as that for flow without vegetation, and the conclusion about the energy balance is similar: the energy supplied by local flow is equal to the sum of local energy loss and local energy transition at a random point in the case of flow with vegetation (Fig. 2) . Calculating the plane areas bounded by energy curves and the z-axis, we find two interesting results: (1) the total area bounded by the energy transition curve and the z-axis is zero and (2) the total area bounded by the energy borrowing curve and the z-axis equals that of the energy spending curve. The results imply that in a whole cross-section, the energy borrowing balances with energy spending. The next section illustrates the results in detail.
Energy balance in a cross-section
From Eq. (12), we can deduce the energy balance in a whole crosssection. If we integrate the control Eq. (1) from H downward to z, then
where
cd dz is the accumulated drag force due to vegetation from z to H. According to Eq. (2), when z ≥ h, F cd = 0; and
The two relationships will be used in Section 4.3. Combining Eqs. (4), (8), (10), (12) and (13) gives
Eq. (20) are scaled with the total energy borrowing in the whole cross-section W b ] 0 H and plotted as energy accumulative curves in Fig. 3 . In the figure, the energy transition accumulative curve reaches its maximum value at the top of the vegetation, and then decreases to zero at the flume bed. Therefore, the energy transition in a whole cross-section is zero, and the energy spending accumulative curve increases slowly in the non-vegetated region but sharply in the vegetated region, and meets the energy borrowing accumulative curve at the bed. Hence, the total energy spending is equal to the total energy borrowing in the whole cross-section. These conclusions are consistent with the results in Section 4.1. The second conclusion is more obvious if the terms in Eq. (19) are calculated from the bed. When z = 0, u = 0, γSu(H − z) = 0, and uF cd = 0, the total energy transition in the whole cross-section is zero: W t ] 0 H = 0; therefore, Eq. (20) becomes
Eq. (21) indicates that the total energy borrowing is equal to the total energy spending in the whole-flow region of a uniform flow.
